Introduction
Essentially complete ozone loss is frequently observed in the boundary layer of the Arctic in the springtime [1] . Field measurements revealed that the ozone concentration decreases by approximately a factor of ten in a few hours [1] which seems to be correlated to a local maximum of [BrO] during sunrise [2] [3] [4] . This event has been called polar sunrise chemistry and has been associated with the presence of bromine containing species collected on filters. This suggests that bromine-containing species such as Br, HBr and HOBr play a leading role in the mechanisms of O 3 destruction. Moreover, there is experimental evidence from the field that chlorine atom concentrations are also elevated during these ozone-depletion periods owing to the observed chlorination of naturally occurring hydrocarbons that is consistent with the presence of an important marine halogen source [5] . Recent experimental results have confirmed the presence of Br and Cl precursor concentrations on the tens to hundreds of ppt level such as Br 2 [6, 7] , BrCl [6] , HOBr, Cl 2 and HOCl [7] . Therefore, the search for an explanation of the underpinning chemical mechanism has focussed on catalytic cycles of Br which is well known from studies of global and polar stratospheric ozone depletion and is displayed in reactions (1) to (3): Br 2 + hν/2Br
(1)
2 BrO/Br 2 + O 2 (3) Owing to the extremely short time scale of ozone destruction in polar sunrise chemistry the search for a mechanism has focussed on autocatalytic processes that include a degenerate chain branching step and are similar to combustion or explosion of hydrocarbon fuels, hence the alternative term "bromine explosion" for the description of polar sunrise chemistry. An autocatalytic process is one where one or more of the resulting reaction products are catalysts for the reaction under study in contrast to a case where a catalyst is added externally. A number of possible chemical reactions listed in reactions (4) to (7) including photochemistry involving aqueous sea salt (marine aerosol) [8, 9] or frozen sea salt solution [10] have been proposed in order to explain the extremely short time scale of ozone loss, the chlorination of hydrocarbons and the postulated high halogen free radical concentration in the polar region which can attain values of up to 10 5 Cl • cm K3 [11, 12] .
HOBr + Br 
During polar sunrise, a significant part of Br 2 , Cl 2 and BrCl may be generated by heterogeneous chemistry of HOCl and HOBr which are mainly formed from the homogeneous gas phase reaction of OH and XO (X = Cl, Br) radicals, reaction (8):
The formation of HOX (X = Cl, Br) compounds contributes therefore towards a temporary reservoir of halogen compounds activated by their heterogeneous reactions on sea salt aerosol and.or frozen sea salt according to reactions (4) and (5) [11] [12] [13] .
The autocatalytic nature stems from the fact that one Br atom, once reacted to HOBr following reaction (8) , is able to volatilise marine bromide from sea spray aerosols or from frozen sea salt following reaction (5) and thereby form two potentially active Br atoms after photolysis of the precursor Br 2 . It is the catalyst and needs to be present in only minute concentrations. This amounts to degenerate chain branching afforded by a heterogeneous reaction and continues until the BrO concentration is sufficiently high such that the catalytic cycle (reactions (1) to (3)) will take over. The rate determining step of the autocatalytic mechanism is the formation of HOBr in reaction (8) and is superseded by reaction (3) once the reaction has switched from autocatalytic to catalytic. The mechanistic investigations have mainly focussed on the role of Br rather than Cl because of faster heterogeneous reaction rates of HOBr [14] . In addition, there are potential complications with HOCl because it is unstable with respect to its anhydride Cl 2 O which is also reactive with marine halides X K as shown below. Sea salt deposited on the polar snow pack may contribute to the conversion of halogen reservoir molecules to reactive species by heterogeneous processes that deplete the ice.salt surface. This process competes with similar heterogeneous reactions that involve deliquescent sea salt aerosols. Only when the heterogeneous reactions (4) and (5) of HOBr on ice and snow are included does the simulation of tropospheric ozone destruction agree with field measurements through halogen activation [15] . However, only few data are available for HOCl heterogeneous reactions on marine aerosol and sea ice in comparison to uptake experiments of HOBr or HOCl performed on solid substrates [16] [17] [18] [19] [20] .
It was suggested that HOCl could be an important temporary reservoir for chlorine in the marine boundary layer because it reacts very slowly with ozone (k II < 4.0!10 K16 cm 3 molecule K1 s
K1
) [21] and does not react with hydrocarbons. Despite the fact that HOCl has never been measured in the dark winter season in the polar boundary layer, it may in principle be formed by radical recombination (8) [22] . The absorption coefficient of HOCl is given in the literature [23, 24] within the critical 300-380 nm wavelength region and leads to a photolysis lifetime of less than one hour using the measured photodissociation rate constant at the surface of the earth. This short lifetime suggests that HOCl is an ineffective chlorine reservoir under solar radiation but in turn could be effective in the arctic region during the winter season in the absence of actinic radiation.
Huff and Abbatt performed uptake experiments of HOCl(g) in a laminar low pressure flow reactor in which the walls were coated with a frozen NaCl solution at 233 K [25] . They used [HOCl] = 3!10 12 cm K3 at a total pressure of He between 1 and 2 Torr and concluded that HOCl is unreactive on frozen sea salt. We took this work as a starting point of the present contribution towards the knowledge of heterogeneous reactions of HOCl which has not been as thoroughly investigated as HOBr owing to the fact that the role of HOCl in polar sunrise chemistry is less clear than for HOBr. In addition, the equilibrium between HOCl and Cl 2 O, the latter of which is currently of no atmospheric interest, and the anticipated reactivity of both components on liquid and frozen halide solutions make this a chemical system that we wished to investigate further. The observational evidence for HOCl is fairly weak for the troposphere, however, it has been unambiguously identified in the middle and lower stratosphere in satellite IR and FIR spectrometry [26] . Recently, the rate constant of reaction (8) has come under debate in the interest of obtaining a satisfactory fit to HOCl profiles obtained by satellite measurements [26] .
We present here kinetic results of HOCl uptake mainly on frozen KCl and natural sea salt (NSS) solutions at 200 and 215 K that are in the range of relevant temperatures during the polar winter in the MBL. In addition, the products of reaction released into the gas-phase were monitored in order to quantify the rate at which gas-phase HOCl is converted to Cl 2 , the precursor for chlorination of naturally occurring hydrocarbons. We also focussed on differences between HOCl uptake coefficients measured on frozen KCl, recrystallised sea salt (RSS) and natural sea salt (NSS) solutions as well as products formed. In addition, we tested the role of acidity for the formation of products both on NSS and KCl frozen solution.
Experimental setup
Experiments were performed in a Teflon-coated low pressure flow reactor that is suited for the measurement of heterogeneous process. A detailed description of this technique has been given elsewhere [28] . Briefly, the Knudsen flow reactor is mounted on a differentially pumped high vacuum chamber equipped with a cryogenic and a turbomolecular pump. A given number of molecules are injected into the reactor by a glass capillary inlet before effusing out of the escape orifice after a lifetime τ (1.k esc (s
K1
) with k esc being the measured escape rate constant .s
) to form a modulated (thermal) molecular beam by a rotating chopper located in the upper chamber. The quadrupole mass spectrometer signal is then processed by a digital lock-in amplifier in order to separate the contribution of the molecular beam from the background gas phase. ) is admitted into the reactor and after a short transition time, the effusive flow rate F out equals the incoming flow rate F in if no chemical loss is admitted, that is when the sample compartment is isolated from the inflow. The residence time τ and the gas concentration may be varied by changing either the flow or the size of the escape orifice. When the sample compartment is open to the flow, part of the gas is lost on the substrate resulting in a competition between the escape rate (k esc N, with N being the total number of gas molecules in the reactor) and the rate of loss (k loss N). At steady state we obtain the following balance:
Rearrangement of equation (9) leads to equation (10) which relates the ratio F in .F out to the escape rate constant k esc and results in the heterogeneous loss rate constant k loss :
Commonly, we used a normalised form of k loss , namely the uptake coefficient γ that expresses the probability that a molecule colliding with a surface is captured. We defined γ simply by the first order loss rate constant k loss divided by the frequency of collision ω in s
. In addition, k esc was measured by monitoring the exponential decay rate of the MS signal by halting F in in the absence of substrate. The escape rates k esc were measured for the different escape apertures, namely for the 4 and 14 mm diameter orifices ( Table 1 ). The concentration of a gas G was calculated by using the initial flow rate F in and the measured k esc using the expression [G] = F in .Vk esc with values summarized in Table 1 . HOCl, Cl 2 O, Cl 2 and Br 2 were monitored at m.e 52, 51, 70 and 160, respectively.
Sample preparation
Three types of salt samples were used, namely KCl (NaCl) (Fluka, purity > 99.5%), recrystallized sea salt RSS (Hawaiian Salt, Honolulu, PA AKAI INC.) and NSS (sel de Guérande, DIEPAL-NSA) which is a natural non-processed sea salt obtained by pan evaporation (open air). Solutions of KCl (NaCl), NSS and RSS were made from the dissolution of salts in bidistilled water (35g.L) and subsequent filtration in order to mimic the salt concentration of sea water [29] . The salt solutions were degassed in a vacuum line by performing two freezepump-thaw cycles before pouring the salt solution, typically 5 ml, into the gold coated copper cryogenic support that is described elsewhere [30] . Subsequently, the temperature of the salt solution was decreased at a rate of 0.2 K s K1 down to 200 or 215 K in order to produce frozen sea salt [27] . All frozen solutions were cooled down following the same procedure. In fact, different ice preparation methods led to different uptake kinetics in the past [31] . It is known that the cooling rate affects the halide distribution in the bulk and on the surface of ice [32] . If the freezing rate is slow bulk ice will concentrate most of the salt on the substrate surface by segregation processes. However, in an atmospheric context sea water freezes too quickly to allow segregation of halide from the bulk. In some cases, KCl (NaCl) solutions were acidified using a commercial buffered solution containing 0.068 M NaOH, 0.056 M citric acid and 0.044 M NaCl to buffer the frozen salt solution at pH = 4 in order to study the effect of acidity on the rate of Cl 2 formation.
HOCl and Cl 2 O synthesis
Cl 2 was admitted to a vessel containing HgO powder (Fluka, puriss > 99.0%) held at 77 K which was kept for 24 hours at 190 K to allow the following reaction to occur:
Cl 2 O, absorbing at λ < 700 nm, was transferred to a trap containing approximately 2 ml of frozen bidistilled water at 77 K that was subsequently warmed in a water bath to ambient temperature. The cherry-colored Cl 2 O liquid reacts with liquid water to produce HOCl(l) upon Cl 2 O hydrolysis according to reaction (12) .
The HOCl sample was kept at 190 K as a stock solution for further use.
Calibration procedure
Because HOCl is in equilibrium (12) with Cl 2 O, increasing concentrations of HOCl will shift the equilibrium towards Cl 2 O under static conditions. In order to limit the formation of Cl 2 O, we pumped on the sample in order to lower the total pressure. Even under those non-equilibrium conditions 25±10 % of Cl 2 O remained in the HOCl sample. At these experimental conditions the flow rate measurement of HOCl into the flow reactor (F in (HOCl)) could not be performed by observing the pressure drop in the calibrated volume because the pressure in the vacuum line is under 50 mTorr which is too small for a reliable pressure measurement using an absolute Baratron gauge (MKS Baratron 122AA-00010AB). In order to calibrate the MS signal for HOCl, a titration was performed on a vapor-deposited ice substrate. In contrast, the impurity Cl 2 O has been calibrated in the usual way by measuring its pressure drop in a calibrated volume as described in the literature [31] . In order to enable the titration of HOCl, Bulk (B) ice was prepared at 200 K in the cryogenic support device [30] . Subsequently, we deposited an amount of HCl on B ice in excess over HOCl before isolating the sample by sealing off the sample compartment. The HOCl source was held at 197±1 K under differential pumping conditions by using a roughing pump protected by a cold trap. A steady-state flow of HOCl was established into the flow reactor and was allowed to react with the HCl.ice sample. The gas phase HOCl and the Cl 2 O impurity are titrated by excess adsorbed HCl following reactions (13) and (14):
The same titration procedure was performed for pure Cl 2 O. This leads to the conclusion that for each Cl 2 O taken up, two Cl 2 were released to the gas phase. In addition, we believe that HOCl(ads) generated in reaction (13) is converted to Cl 2 (g) in reaction (14) . By using these reactions for the titration of the HOCl. Cl 2 O mixture, the calibration constant for HOCl is given by equation (15) .
where I (X) and K cal (X) are the measured MS signal and the calibration constant for the molecule X (X = Cl 2 , Cl 2 O, HOCl), respectively. The absolute calibration for the Cl 2 mass signal was obtained from authentic samples of pure Cl 2 .
3. Results and discussion on Cl 2 O and HOCl uptake 3.1 Uptake kinetics of HOCl and pure Cl 2 O on bulk ice at 200 K The HOCl sample used in the present work inevitably contains up to 25% Cl 2 O following equation (12) . It is likely that the Cl 2 O "impurity" in HOCl does not correspond to the equilibrium fraction because the mixture was not let to equilibration under the used experimental conditions. Consequently, we need to take into account the presence of Cl 2 O by performing uptake experiments of pure Cl 2 O on all studied substrates as a reference in order to provide a comparison for the uptake experiment of the HOCl.Cl 2 O mixture. Before performing uptake experiments on the frozen salt solution, we have studied the uptake of pure Cl 2 O and the HOCl.Cl 2 O mixture on bulk (B) ice from frozen liquid water [31] .
The uptake coefficient γ for the HOCl.Cl 2 O mixture on bulk ice is γ ss (HOCl) = (5.5±0.4)!10 K4 and γ ss (Cl 2 O) = (5.3±0.6)!10
K4
, respectively. For uptake of pure Cl 2 O, we obtain γ ss (Cl 2 O) = (2.8±0.7)!10
, lower by a factor of two compared to the mixture. These results directly follow from displays in Figures 9 and 10 (see Appendix). These uptake experiments show that γ ss for each component of the HOCl.Cl 2 O mixture is similar while pure Cl 2 O uptake results in a γ ss value smaller by a factor of two compared to the simultaneous measurement of γ ss (Cl 2 O) and γ ss (HOCl). It seems that Cl 2 O uptake on pure B ice is accelerated by HOCl, perhaps by hydrogen bonding owing to the presence of adsorbed HOCl.
In addition, we note ( Figure 9 ) that no product was formed for the HOCl. (16) and (17): , respectively. In the absence of any major product formation we conclude that the uptake of both HOCl and Cl 2 O is non-reactive and leads to adsorption of both gases on the surface of ice. Without investigation of the condensed phase we are unable to state on the possible inverse of reaction (12) . This is similar to the concentration of the Cl 2 O impurity found in the used HOCl.Cl 2 O mixture. When the frozen KCl solution is exposed to Cl 2 O at t = 80 s, a transient production of Cl 2 is observed that is accompanied by a continuous production of HOCl reaching a steady state level at t = 400 s. In contrast, the Cl 2 production is decreasing to a low steady state level after the primary burst, presumably because of the accumulation of OH on the surface according to reactions (12) , (18) and (19):
HOCl(ads)+Cl
Uptake experiments of pure Cl 2 O were also performed on frozen NSS solution at 200 K for which a typical uptake is shown in Figure 1Ib for [Cl 2 O] given in Table 1 . At t = 30 s, the plunger is lifted and the substrate exposed to Cl 2 O which leads to steady state formation of Cl 2 accompanied by slow formation of HOCl. This steady state formation of Cl 2 displayed in Figure 1b is in contrast to the corresponding uptake of Cl 2 O performed on KCl frozen solution ( Figure 1a ). Cl 2 O uptake was also performed on frozen NaCl and RSS solution which show identical behaviour in terms of kinetics and formation of products to frozen KCl solution. This is in contrast to uptake of Cl 2 O on NSS that is characterized by sustained formation of Cl 2 and slow formation of HOCl. The major difference between NSS and RSS frozen solution is that NSS contains fatty acids, polyfunctional partially oxidized organics or humic acid-like substances (HULIS) [33] that may affect the formation of Cl 2 . We believe that NSS is sufficiently internally buffered to be able to neutralize the resulting hydroxyl ion in reaction (18) so as to support a sustainable formation of Cl 2 . In contrast, the formation of Cl 2 comes to a halt in unbuffered frozen solutions such as KCl and RSS because the halide displacement resulting in Cl 2 is a general acid catalyzed reaction requiring the presence of HOCl rather than ClO K . Alternatively, NSS may contain organic matter that is easily oxidized by either HOCl or Cl 2 O thereby reducing the chlorine to Cl 2 .
Mass balance for pure Cl 2 O uptake
After each uptake experiment, the substrate is isolated from the reactive gas in order to halt the reaction and measure the flow rate. The area of the MS signal corresponding to the reactant lost or product formed was evaluated and leads to the number of molecules taken up or produced during the reaction. As an example, the dashed area in Figure 1a corresponds to the yield of Cl 2 on the time scale of the experiment. After the experiment, the surface was annealed at 240 K in order to measure desorbed products at 240 K.
The mass balance from Figure 1a between Cl 2 O uptake on frozen KCl solution and product formation may be expressed as follows: 7.3!10 16 Cl 2 O molecules were taken up against production of 8.4!10 16 HOCl and 4.9!10 16 Cl 2 molecules produced (see Table 5 ). After uptake, the frozen solution was annealed at 240 K resulting in the desorption of 1.6!10 15 Cl 2 O corresponding to approximately 2% of the total Cl 2 O initially taken up. However, an important fraction of adsorbed HOCl is collected during thermal desorption corresponding to 2!10 16 molecules. During thermal desorption, no Cl 2 was measured even if the plunger was lowered for 20 minutes in order to let the frozen film react. Consequently, no delayed Cl 2 production is observed in the isolated sample compartment.
The mass balance expressed per chlorine atom is established including the products of desorption listed in Table 5 for Cl 2 O uptake according to equation (20) where the brackets correspond to molar yields: 2!(Cl 2 O taken up ) = HOCl produced + HOCl desorbed + 2!(Cl 2 O desorbed ) + (Cl 2 ) produced (20) In equation (20), we assume that for each Cl 2 produced, one Cl • came from the Cl 2 O source while the second Cl
• was contributed as halide from the salt substrate surface.
The chlorine mass balance displayed in Table 5 . The data taken from Figure 1a and Table 5 Table 5 , next to last column). The same mass balance check was performed for pure Cl 2 O uptake at 200 K on NSS frozen solution and again leads to excellent agreement between deposited and recovered chlorine as displayed in Table 5 Figure 2 . In contrast, the experiment displayed in Figure 1a shows a slow rate of formation of Cl 2 and a fast rate of formation of HOCl resulting in a slope of 0.40±0.11 in Figure 2 , a factor of 2.8 lower than NSS. Apparently, the rates of formation of Cl 2 by surface halogen exchange with chloride and formation of HOCl by hydrolysis are competing against each other in Cl 2 O uptake at 200 K. The predominant formation of Cl 2 from pure Cl 2 O on frozen NSS may be either explained by oxidation of organic matter and concomitant reduction of Cl 2 O or by predominant reverse disproportionation (or halogen exchange). Hydrolysis of Cl 2 O resulting in HOCl is apparently not competitive and therefore represents the minority channel on NSS. In contrast, on frozen KCl salt solutions the competitive situation is reversed with the hydrolysis channel . Each point corresponds to a separate experiment and the integration time is 700±50 s.
being dominant and the oxidation.reduction channel being outrun by hydrolysis, perhaps owing to the absence of organic matter in the KCl salt solution. . At t = 160 s, the plunger is lifted and a constant rate of formation of Cl 2 is observed to 250 s, after which the Cl 2 rate of formation decreases. In contrast, the uptake of a HOCl.Cl 2 O mixture on frozen NSS solution reveals a continuous formation of Cl 2 upon lifting the plunger at t = 50 s (Figure 1d ). The formation of Cl 2 remains constant during more than one hour (data not shown). Repetitive uptake experiments of HOCl.Cl 2 O mixtures on fresh and poisoned frozen KCl solutions are displayed in Figures 11a and 11b, respectively. It appears that the Cl 2 yield is smaller for frozen KCl solution that has already been exposed to the HOCl.Cl 2 O mixture compared to the fresh substrate. Furthermore, the Cl 2 O uptake (Figure 11a and 11b, trace (b)) saturates at 250 s for a poisoned substrate whereas it saturates after 400 s on a fresh frozen KCl solution. Despite the saturation of the Cl 2 O uptake Cl 2 formation is still on-going at F(Cl 2 ) = 3!10 13 molecule s
K1
. The only possible source for the production of Cl 2 is therefore HOCl uptake from the HOCl.Cl 2 O mixture at a flow rate of 1!10 14 molecule s
. On a relative basis, for ten HOCl taken up, three are converted to Cl 2 while seven stay adsorbed on the substrate and will be recovered during thermal desorption at 240 K in mass balance experiments. . Each point corresponds to a separate experiment and the integration time is 700±50 s.
Role of acidity on frozen KCl solution
In order to find out how acidity could affect the yield of Cl 2 formation, we have performed uptakes of HOCl. Figure 1d . In fact, the buffered solid allows the neutralisation of OH K produced in reaction (18) . Buffering is obviously not necessary for sustaining Cl 2 formation on frozen NSS solutions, presumably owing to their natural buffering capacity. As long as acidity is available to neutralize OH K (reaction (18)), it prevents the neutralization of HOCl that would accumulate non-reactive hypochlorite salts on the frozen KCl surface and thereby poison the surface with respect to further reaction of both HOCl and Cl 2 O.
Mass balance for the uptake of the HOCl.Cl 2 O mixture on frozen KCl and NSS solution
The mass balance was also checked for the uptake of the HOCl.Cl 2 O mixture on frozen KCl and NSS solution using equation (21) 
Taken as an example from Table 5 , total chlorine taken up (1.17!10 17 molecule) equals the recovered amount (1.14!10 17 molecule) for a frozen KCl solu- tion. The ratio between the surface Cl K estimated from the measured Cl 2 and the total chlorine deposited yields 0.50±0.06 which is larger by 50% (0.50. 0.33) compared to the value measured for pure Cl 2 O interacting with frozen KCl solution, in agreement with Table 5 .
The presence of HOCl apparently leads to an additional depletion of surface Cl K . Consequently, the HOCl taken up could contribute to the formation of 50% more Cl 2 with respect to uptake of Cl 2 O alone if we assume that Cl 2 O and HOCl are both taken up independently. As will be pointed out below, this assumption may not be valid in the present case. Results displayed in Tables 2 to 4 reveal that the uptake kinetics of Cl 2 O is somewhat inhibited by the presence of HOCl Table 5 ). This seemingly lower enhancement of Cl 2 production owing to the presence of HOCl for frozen NSS compared to KCl solution stems from the fact that the uptake of pure Cl 2 O on frozen NSS is already so important that it leaves no room for a large additional effect due to HOCl adsorption because of surface saturation of the uptake. In order to illustrate the yield difference of Cl 2 on frozen KCl and NSS solution upon uptake of the HOCl.Cl 2 O mixture, we have plotted the yield of Cl 2 as a function of the Cl 2 O taken up in Figure 3 . We conclude that the Cl 2 yield is marginally larger on frozen KCl, NaCl or RSS solution compared to frozen NSS solution. When (Figure 2 ) or a mixture of Cl 2 O.HOCl ( Figure 3 ). Table 5 reveals that for pure Cl 2 O uptake the Cl 2 yield increases by a factor of four in going from frozen KCl to NSS solution, whereas the yield of Cl 2 O taken up only increases by a mere factor of two at a given initial concentration. In contrast, for the mixture Cl 2 O.HOCl both the Cl 2 as well as the quantity of Cl 2 O taken up increase by a factor of four which leaves the slope in Figure 3 practically unchanged (1.53 vs. 1.39) when comparing frozen KCl with NSS solution. One should be aware that the enhancement factors from Table 5 refer to individual experiments whereas the slope changes in Figures 2 and 3 result from a least-squares fit to several experiments, thus corresponding to an average. This is the principal reason for the difference between the slope ratio of 2.8 displayed in Figure 2 compared to a factor of four difference in Cl 2 yield from (22) and (23), it is possible to calculate the fraction of the HOCl taken up which leads to the formation of Cl 2 :
Cl 2 (HOCl contribution) = Cl 2 (HOCl.Cl2O mixture) -Cl 2(calculated, pure Cl2O uptake) (22) Cl 2(calculated, pure Cl2O uptake) = Cl 2 O (HOCl.Cl2O mixture) !S (pure Cl2O uptake) (23) where Cl 2 (HOCl.Cl2O mixture) is the Cl 2 yield generated from simultaneous uptake of both Cl 2 O and HOCl, Cl 2 (calculated, pure Cl2O uptake) is the Cl 2 yield generated according to reactions (18) and (19) and calculated using the corresponding slopes S (pure Cl2O uptake) from Figure 2 . In order to determine the fraction of HOCl that results in Cl 2 , Cl 2 (HOCl contribution) calculated from equation (22) is plotted as a function of HOCl taken up as shown in Figure 4 . The slopes in Figure 4a and 4b are 0.30±0.10 on frozen KCl, NaCl and recrystallized sea salt (RSS), and 0.23±0.13 on frozen NSS solution, respectively, at 200 K. Given the scatter in the results displayed in Figure 4b , we conclude that between 10 and 40% of the HOCl taken up is converted to Cl 2 on both frozen KCl and NSS solution at 200 K, independent of the frozen substrate and after correction for the formation of Cl 2 from Cl 2 O following equations (22) and (23).
In conclusion the data displayed in Figure 2 reveal that the Cl 2 yield per Cl 2 O taken up is 2.8 times higher for NSS than for the remainder of the substrates for pure Cl 2 O, that is without interference from HOCl. Figure 3 reveals Figure 3 compared to 1.11 in Figure 2 is due to the presence of HOCl in the reacting gas. Table 5 reveals that a large fraction of HOCl may be recovered through desorption at 240 K in contrast to Cl 2 O that has all but disappeared. In summary, the quantitative results show that the Cl 2 yields per HOCl taken up are significantly lower than for pure Cl 2 O taken up on both frozen KCl, NaCl, RSS and NSS solutions thus reflecting the lower reactivity of HOCl compared to Cl 2 O for uptake on frozen halide solutions. This remains valid even when taking into account the redox properties of humic-like substances that may occur in NSS [33, 34] . It was found in previous work [35] that HOBr taken up on frozen chloride solution is completely converted to BrCl rather than transformed to Br 2 . In contrast, HOCl taken up on frozen bromide solution mostly produces Br 2 . In conclusion, even if only 0.08% Br K is activated in the atmosphere, it could have significant implication on the composition of the marine boundary layer because only catalytic amounts of Br 2 are necessary to start polar sunrise chemistry.
Br 2 single pulse event

Influence of concentration, residence time and temperature on the Cl 2 yield
Switching from the 4 to 14 mm diameter escape aperture reduces both the residence time as well as the pressure in the reactor by a factor of 12 according to Table 1 . Under those conditions the chlorine mass balance for uptake of both pure Cl 2 O and HOCl.Cl 2 O at T = 200 K is not satisfied anymore as may be seen from Table 6 Table 5 hints at the inhibition of Cl 2 O uptake in the presence of HOCl as do the data of Table 5 , as mentioned above, and suggest that the assumption of complete independence between HOCl and Cl 2 O may not hold. Consequently, HOCl is reactive only on frozen salt solutions for concentrations on the order of 10 11 HOCl cm K3 corresponding to 10 ppb or more. This in turn suggests that the species taken up is in reality Cl 2 O whose formation from HOCl is favored at high [HOCl] .
Uptake experiments of pure Cl 2 O and HOCl.Cl 2 O at 215 K obtained in the 4 mm diameter aperture reactor revealed the same results as for the 14 mm diameter orifice reactor discussed above, namely that there is no additional for- Table 6 confirms both results, namely absence of Cl 2 formation from HOCl alone, and strong inhibition of Cl 2 O uptake in the presence of HOCl. Figures 13 and 14 present time-dependent cumulative yields of Cl 2 also as a function of Cl 2 O uptake, and confirm the above conclusions. It therefore seems that Cl 2 O is more reactive than HOCl on frozen salt solutions at 200 and 215 K as far as Cl 2 release is concerned. In addition, the slightly larger slopes in going from Figures 13a and 14a indicate that the Cl 2 yields per Cl 2 O taken up increase with temperature in the range 200 to 215 K. 
Uptake coefficient of Cl 2 O and HOCl
The uptake kinetics for fresh frozen KCl solutions at 200 K are displayed in Table 2 and Figure 8 in terms of γ ss (HOCl) which increases by a factor of ten when [HOCl] decreases from 10 11 to 10 10 molecule cm K3 (see Table 1 ). Uptake coefficients were obtained by averaging over at least two uptake experiments. We also note that γ ss ( . This inhibition effect was briefly discussed above in relation to the total uptakes and may occur owing to high surface concentrations of both HOCl (12) when HOCl is admitted into the reactor and more Cl 2 O is generated on the ice that may lead to surface saturation, or by the known propensity of HOCl to poison ice surfaces that is in contrast to the adsorption of Cl 2 O on pure ice discussed in 3.1.
In summary, the kinetics of repetitive uptake for both Tables 3, 4 
Atmospheric implications and conclusions
We conclude that significant differences in the yield of Cl 2 owing to Cl 2 O uptake were observed depending on the nature of the frozen substrate. For this reason KCl and NaCl may not in general be used as a model for NSS that shows special properties in comparison with the other three chloride-containing substrates, namely KCl, NaCl and RSS frozen solution. The reason for this special behaviour may lie either in the buffering capacity or the presence of oxidizable organic substances, as alluded to above.
HOCl is thermodynamically unstable and is in equilibrium with Cl 2 O according to reaction (12) and its inverse. The standard heat of reaction of equilibrium (12) , ΔH 0 r , has been measured by several authors, but we prefer the value of Knauth et al. [23] owing to the quality of this study with ΔH 
The present results are consistent with a parallel reaction scheme in which Cl 2 O directly reacts with Cl K to Cl 2 , either through halogen exchange, reaction (19) , or through a redox reaction on NSS as mentioned above. Unreacted Cl 2 O may form HOCl(ads) that is non-reactive by itself but that slowly may react on the ice surface by way of equilibrium (24) and regenerate reactive Cl 2 O. Therefore, equilibrium (24) is essential in considering the heterogeneous halogen forming potential of HOCl in the troposphere at suitably low temperatures. The possible reason for the exothermicity of equilibrium (24) in the forward direction, which is in contrast to the gas phase, may lie in the ability of HOCl to form strong hydrogen bonds with the ice surface, a property that Cl 2 O lacks. Although we do not observe Cl 2 formation by HOCl itself at low residence times (14 mm diameter orifice) or at higher temperature of 215 K in the present experiments we cannot discount the possibility that Cl 2 may form at atmospherically meaningful time scales such as days if we allow the ice substrate to accumulate sufficient HOCl such that reactive Cl 2 O may be generated following equilibrium (24) . Formation of Cl 2 is subsequently expected in view of the high reactivity of Cl 2 O(ads) observed in the present study. We therefore postulate that there is a role for HOCl in regards to formation of Cl 2 in marine boundary layer chemistry at low temperatures although there is no experimental proof available from gas phase measurements yet. There have been a number of theoretical studies on the interaction of HOCl with ice surfaces, but none with Cl 2 O such that the quantitative aspects of equilibrium (24) remain to be elucidated [36] [37] [38] . However, the present results offer a glimpse on the qualitative behaviour of adsorbed HOCl.Cl 2 O by using the Cl 2 formation as a probe. The present results are also broadly consistent with Huff and Abbatt [25] who conducted the only other study with which the present work is comparable. They noted that HOCl is nonreactive on ice substrates at 233 and 248 K and provided upper limits for γ ss that are consistent with the present values.
In an atmospheric context, we may estimate the yield of Cl 2 from the uptake of HOCl on marine ices using the present experimental results. From the work of Huff et Abbatt [25] , it is possible to estimate the flux of the dry deposition of HOCl using F = v C, where v is the vertical deposition velocity in cm s K1 and 11 molecule cm K3 (see Table 2 ), we obtain v(HOCl) = 0.589 cm s K1 which leads to F(HOCl) = (2. activation effectively could lead to an important destruction of hydrocarbons and ozone in the marine boundary layer during arctic spring time.
The conclusions from the present work may be summarized as follows: From the comparison of the interaction of pure Cl 2 O on the one hand, and of a non-equilibrium mixture of HOCl.Cl 2 O on several types of chlorine-containing substrates in the range 200 to 215 K we obtain the indication that the reactivity of Cl 2 O is significantly larger than that of HOCl in regards to the formation of Cl 2 . As an example, the Cl 2 yield resulting from the interaction of Cl 2 O on a frozen salt solution at 200 K is twice that of HOCl. Uptake of both Cl 2 O and HOCl on frozen NSS (natural sea salt) solution is sustained for at least an hour in contrast to other chlorine-containing substrates such as frozen KCl, NaCl and RSS (recrystallized sea salt) solution. The facile reactive uptake of HOCl and Cl 2 O on NSS may be due to the natural buffering capacity or the presence of oxidizable organics in NSS that both are thought to support the formation of Cl 2 .
Cl 2 O and.or HOCl uptake on NSS leads to a one-time Br 2 release in a burst mode that may be significant in relation to marine boundary layer chemistry in the springtime arctic.
Owing to the thermodynamic instability of HOCl in the gas phase the fate. formation of the corresponding thermodynamically stable anhydride, Cl 2 O, must also be considered in the presence of a substrate with which both species interact. Considering the equilibrium between adsorbed HOCl and Cl 2 O on ice it is likely that the gateway to formation of Cl 2 passes through the formation of adsorbed, reactive Cl 2 O by way of adsorption of gas phase HOCl on the surface of the frozen aqueous halide. a Each individual yield measurement has an uncertainty of 5% resulting in a 20% uncertainty in the mass balance.
